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Available online 1 November 2013AbstractThe structures, infrared spectra, and cation stability of seven 5,50-azotetrazolate nonmetallic salts are investigated by using B3LYP method
with 6-311þG (d) basis set. The salts are guanidinium (GZT), aminoguanidinium (AGZT), diaminoguanidinium (DAGZT), tri-
aminoguanidinium (TAGZT), azidoformamidinium (AFZT), ammonium (AZT), and hydrazinium (HZT). The calculated results indicate that the
carbon and nitrogen atoms of the cations in seven nonmetallic salts are characterized to be sp2 hybrid atoms, and the ranges of characteristic
absorption peaks in IR spectra of the seven nonmetallic salts are approximative consistent. All their cations are stable and their stabilities
decrease with the increase in their nitrogen contents.
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5,50-Azotetrazolate and its derivatives have been the subject
of many important and fruitful investigations due to their high
nitrogen contents and large positive enthalpy of formation.
The nonmetallic salts of 5,50-azotetrazolate show the
remarkable insensitivity and nonhygroscopic traits [1e5]. So
they are the promising candidates of gas generants, oxygen-
free explosives and propellants [1,6e8].
For two decades, a lot of researchers have carried out the
systematic experimental study on this kind of compounds
[1e16]. Hammerl et al. [9] synthesized, characterized and* Corresponding author.
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azotetrazolate, including bis(guanidinium)-5,50-azotetrazolate
(GZT), bis(aminoguanidinium)-5,50-azotetrazolate (AGZT),
bis(aminoguanidinium)-5,50-azotetrazolate monohydrate
(AGZTH), bis(diaminoguanidinium)-5,50-azotetrazolate
(DAGZT), bis(triaminoguanidinium)-5,50-azotetrazolate
(TAGZT), and bis(azidoformamidinium)-5,50-azotetrazolate
(AFZT). They presented the cation decomposition pathways of
GZT, AGZT, DAGZT, TAGZT and AFZT (See Fig. 1). Tappan
et al. [10] determined the burning rate, laser ignition and flash
pyrolysis characteristics of TAGZT. Liu et al. [11] modeled
GZT ionic species using the quantum chemistry method in
order to determine their decomposition mechanism. Up to now,
few theoretical investigation on the serial energetic nonmetallic
salts of 5,50-azotetrazolate has been reported.
Theoretical study of structures and properties of a com-
pound can evaluate whether the compound conforms to user’s
requirement, and can provide a theoretical basis for designing
novel compounds with excellent properties. In the present
work, the structures, infrared spectra, and cation stability of
GZT, AGZT, DAGZT, TAGZT, AZT, AFZT and HZT havection and hosting by Elsevier B.V. All rights reserved.
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Fig. 1. Cation decomposition pathways of GZT, AGZT, DAGZT, TAGZT and
AFZT.
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6-311þG (d) basis set.2. Computational details
The geometries of seven nonmetallic salts of 5,50-azote-
trazolate were optimized using B3LYP/6-311þG (d) ofFig. 2. Optimized geometries of the cations in seven 5,50-azotdensity functional theory. The B3LYP method is a hybrid
functional method which Lee et al. [17] improved based on the
Beche’s three-parameter hybrid function with non-local cor-
relation [18]. To characterize their infrared spectra, the fre-
quency analytical calculations were performed for the seven
salts at the same level of theory. The cation decompositions of
seven salts were calculated to explore the cation stability. All
the calculations were performed by the Gaussian 09 software
package [19].
3. Results and discussion3.1. GeometriesThe optimized geometries of seven energetic nonmetallic
salts of 5,50-azotetrazolate were found to be the minima (no
image frequency) on the respective potential energy surfaces.
The important geometric parameters of all the cations in these
optimized salts are shown in Fig. 2 (bond length in A, angle
and dihedral angle in degree).
It is shown that the CeN bond lengths of the seven cat-
ions range from 1.318 A to 1.358 A. They are longer than the
typical CeN double bond (1.22A) and shorter than the
typical CeN single bond (1.47A). Similarly, all of the NeN
bond lengths (1.406 A˚ e 1.455 A) are longer than that of the
typical NeN double bond (1.25A) and shorter than that of
the typical NeN single bond (1.47A) except the NeN bondsetrazolate nonmetallic salts at B3LYP/6-311þG (d) level.
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of NeCeN and CeNeN are about 120. It is indicated that
all of the C and N atoms (except for the azide group in
AFZT) in the seven cations are characterized to be the sp2
hybrid atoms, which is propitious to the stability of the
compounds.3.2. Infrared spectraThe IR spectra of all seven energetic nonmetallic salts of
5,50-azotetrazolate are presented in Fig. 3. In the IR spectra, a
set of characteristic absorption peaks are found as follows
(The data are corrected with the correction factor of 0.96 [20]).
The NeH stretching vibration peaks appear at
3513e2375 cm1. The N]NeN and N]CeN stretching
vibration peaks in the tetrazolate rings are found near
950 cm1 and near 1360 cm1, respectively. The CeN
stretching vibration peaks in the cations appear at
1390e1705 cm1. The stretching vibration peaks of N (in azo
groups)eC (in tetrazolate rings) are found near 750 cm1. The
main characteristic absorption peaks of the seven salts in IR
spectra and their vibration modes are shown in Table 1.3.3. Stabilities of seven cationsFig. 3. Calculated infrared spectra of seven salts at B3LYP/6-311þG (d) level.To compare the relative stability of seven cations, the
relative energies among the decomposition products and the
cations of seven salts were calculated (the energies are denoted
as DEs in the present work). Meanwhile, the nitrogen contents
(w. %) of seven salts are calculated. The calculated results are
listed in Table 2. All DEs are large than 168 kcal/mol. It is
indicated that all the seven cations have good stability. The
nitrogen content of HZT is 85.22%, and DE with zero-point
vibrational correction (ZPVE) is 168.22e206.77 kcal/mol
(the decomposition products of hydrazinium (N2H5
þ) are NH3,
N2H4, N2 and H
þ). The results indicate that the hydrazinium
has the lowest stability and is decomposed easily in the seven
salts. The nitrogen content of AZT is 84%, and DE with ZPVE
is 203.12 kcal/mol (the decomposition products of ammonium
(NH4
þ) are NH3 and H
þ). So the stability of ammonium is only
superior to that of hydrazinium. Similarly, the nitrogen content
of AFZT is 83.33% and the stability of azidoformamidinium
(AFþ) is only superior to those of HZT and AZT. The sta-
bilities of TAGZT, DAGZT and AGZT increase gradually with
the decrease in their nitrogen contents. GZT has the lowest
nitrogen content (78.87%) in the seven salts, and the guani-
dinium (Gþ) has the best stability (298.72 kcal/mol). So, we
found an interesting phenomenon that the stabilities of the
seven cations decrease with the increase in the nitrogen con-
tents of their salts, which is consistent with the change trends
of the experimental impact and friction sensitivity of seven
salts [1,9]. We conclude that decreasing the nitrogen content is
effective for improving the security of the energetic nonme-
tallic salt of 5,50-azotetrazolate when we design a new
compound.
Table 2
Nitrogen contents (w. %) in the seven 5,50-azotetrazolate nonmetallic salts, the decomposition products and the corresponding DEsa from the cations in the seven
salts.
Compound Cation Decomposition
Abbr. N Contents Abbr. Energy Product DE
GZT 78.87 Gþ 0.0 2NH3 þ C
þ
^N 307.75 (298.72)
AGZT 80.25 AGþ 0.0 aNH3 þ bN2H4 þ cN2 þ C
þ
^N

1  a  7
3
; 0  b  1; 0  c  1
3

284.25e319.79 (273.00e311.55)
DAGZT 81.39 DAGþ 0.0 aNH3 þ bN2H4 þ cN2 þ C
þ
^N

0  a  8
3
; 0  b  2; 0  c  2
3

260.58e331.66 (246.48e323.59)
TAGZT 82.35 TAGþ 0.0 aNH3 þ bN2H4 þ cN2 þ C
þ
^N

0  a  3; 0  b  9
4
; 1
4
 c  1 236.63e316.59 (219.68e306.43)
AZT 84 NH4
þ 0.0 NH3 þ Hþ 212.51 (203.12)
AFZT 83.33 AFþ 0.0 aNH3 þ bN2 þ cH2 þ C
þ
^N

0  a  4
3
; 4
3
 b  2; 0  c  2 227.36e250.80 (217.50e227.39)
HZT 85.22 N2H5
þ 0.0 aNH3 þ bN2H4 þ cN2 þ Hþ

0  a  4
3
; 0  b  1; 0  c  1
3

180.63e216.17 (168.22e206.77)
a DEs are the relative energies of that the energies of cation decomposition products are in relation to the energies of seven cations in kcal/mol, and the datum in
brackets are the energies corrected by the zero-point vibration energy (ZPVE) with the correction factor of 0.96 [20].
Table 1
Characteristic absorption peaks (cm1) and the corresponding vibration modes of seven 5,50-azotetrazolate nonmetallic salts at B3LYP/6-311þG (d) level.
Vibration modea Characteristic absorption peaks
TAGZT DAGZT AGZT GZT AZT AFZT HZT
NeH SV 3134, 3232,
3247, 3258
2928, 3036, 3113,
3203, 3221, 3387,
3503, 3509
2873, 3028,
3064, 3077
2835, 2910,
2965, 2978
2585, 2838,
2953
2414, 2734,
3041, 3513
2375, 2776,
3258, 3310
CeN SVC 1673, 1676
1678
1572, 1627, 1656,
1673, 1677, 1705
1589, 1627,
1633, 1671,
1683
1521, 1637,
1640, 1668,
1674, 1695
ec 1390, 1472,
1583, 1625,
1672, 1697
ec
N¼NeN SVTR 965b, 1008b 980, 1007b 972b, 1009b 950, 1008b 908, 982b 976b, 1004b 934, 985b
N¼CeN SVTR 1335b, 1367b 1356, 1383b 1360, 1388b 1365, 1394b 1328b, 1340b 1349b, 1384b 1324b, 1352b
SVA ec ec ec ec ec 2187, 2210 ec
SVNC 702b 722b 723b 728b 793b 717 772
a SV ¼ stretching vibration; SVC ¼ stretching vibration in cations; SVTR ¼ stretching vibration in tetrazolate rings; SVA ¼ stretching vibration of azide group;
SVNC ¼ stretching vibration of N (in azo groups)eC (in tetrazolate rings).
b The weak absorption peaks.
c There is no absorption peak with the vibration mode.
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Seven energetic nonmetallic salts of 5,50-azotetrazolate
were studied theoretically using the density functional theo-
retical method. The geometry optimization and infrared
spectrum analysis were performed for the seven compounds,
and then the corresponding infrared spectra and the stability of
cations were discussed. The results indicate that the carbon
and nitrogen atoms of the cations in the seven salts are char-
acterized to be sp2 hybrid atoms, which is to benefit of the
compound stability. The ranges of characteristic absorption
peaks in IR spectra were approximatively consistent. The
NeH stretching vibration peaks appear at 3513e2375 cm1.
The N]NeN and N]CeN stretching vibration peaks in the
tetrazolate rings are found near 950 cm1 and near 1360 cm1,
respectively. The CeN stretching vibration peaks in cations
appear at 1390e1705 cm1. The stretching vibration peaks of
N (in azo groups)eC (in tetrazolate rings) are found to be near
750 cm1. The calculated results of DEs and the nitrogen
contents in the compounds show that all the seven salts are
stable and their stabilities decreases with the increase in the
nitrogen contents.References
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